The Tor kinases regulate responses to nutrients and control cell growth. Unlike most organisms that only contain one Tor protein, Saccharomyces cerevisiae expresses two, Tor1 and Tor2, which are thought to share all of the rapamycin-sensitive functions attributable to Tor signaling. Here we conducted a genetic screen that defined the global TOR1 synthetic fitness or lethal interaction gene network. This screen identified mutations in distinctive functional categories that impaired vacuolar function, including components of the EGO/Gse and PAS complexes that reduce fitness. In addition, tor1 is lethal in combination with mutations in class C Vps complex components. We find that Tor1 does not regulate the known function of the class C Vps complex in protein sorting.
ABSTRACT
The Tor kinases regulate responses to nutrients and control cell growth. Unlike most organisms that only contain one Tor protein, Saccharomyces cerevisiae expresses two, Tor1 and Tor2, which are thought to share all of the rapamycin-sensitive functions attributable to Tor signaling. Here we conducted a genetic screen that defined the global TOR1 synthetic fitness or lethal interaction gene network. This screen identified mutations in distinctive functional categories that impaired vacuolar function, including components of the EGO/Gse and PAS complexes that reduce fitness. In addition, tor1 is lethal in combination with mutations in class C Vps complex components. We find that Tor1 does not regulate the known function of the class C Vps complex in protein sorting.
Instead class C vps mutants fail to recover from rapamycin-induced growth arrest or to survive nitrogen starvation and have low levels of amino acids. Remarkably, addition of glutamate or glutamine restores viability to a tor1 pep3 mutant strain. We conclude that Tor1 is more effective than Tor2 at providing rapamycin-sensitive Tor signaling under conditions of amino acid limitation, and that an intact class C Vps complex is required to mediate intracellular amino acid homeostasis for efficient Tor signaling.
INTRODUCTION
The Tor kinases are key components of an evolutionarily conserved nutrientresponsive pathway that regulates cell growth and proliferation in eukaryotic organisms.
The Tor kinases were first identified in yeast cells as the targets of the antiproliferative drug rapamycin (HEITMAN et al. 1991) . Thereafter, rapamycin has been instrumental in elucidating biological events governed by Tor signaling, including complex transcriptional and translational programs (reviewed in ROHDE et al. 2001; .
When yeast cells are grown in ample nutrient conditions, Tor activity promotes the expression of genes encoding tRNAs, ribosomal proteins and rRNA, while inactivating genes required for utilization of poor nitrogen and carbon sources, and stress responses HARDWICK et al. 1999; BECK and HALL 1999; POWERS and WALTER 1999; KOMEILI et al. 2000; ZARAGOZA et al. 1998) . Tor activity also supports translation, in large part by suppressing the general amino acid control response regulated by the Gcn2 kinase, and possibly by also affecting the stability of eIF4G (VALENZUELA et al. 2001 , KUBOTA et al. 2003 , CHERKASOVA and HINNEBUSCH 2003 , ROHDE et al. 2004 , BERSET et al. 1998 . Inhibition of Tor by rapamycin elicits many of the cellular responses that are triggered by starvation for nutrients, such as inhibition of protein synthesis, downregulation of amino acid permeases, protein degradation, autophagy, and cell cycle arrest (reviewed by ROHDE et al. 2001, DE VIRGILIO and LOEWITH 2006) .
Unlike most organisms that express only one Tor protein, Saccharomyces cerevisiae has two highly homologous Tor proteins, Tor1 and Tor2, which are thought to share all of the rapamycin-sensitive functions attributable to Tor signaling, while only Tor2 serves a unique and essential, rapamycin-insensitive role (reviewed in . A recent study has suggested that Tor1 and Tor2 differ in providing a rapamycin sensitive function in certain class C vps mutants (XIE et al. 2005) ; however, the exact nature of this function remains to be determined. The Tor proteins form two distinct multiprotein complexes: TORC1 and TORC2. Tor1 (and to a lesser extent Tor2) is a component of the TORC1 complex, which includes Lst8, Kog1, Tco89, and Bit61.
TORC2 consists of Tor2, Lst8, and the Avo1, Avo2, and Avo3 proteins (LOEWITH et al. 2002; WEDAMAN et al. 2003; REINKE et al. 2004 ). FKBP12-rapamycin physically associates with TORC1 but not with TORC2, suggesting that this second complex mediates the rapamycin-insensitive Tor2 role in controlling polarization of the actin cytoskeleton (LOEWITH et al. 2002) .
To understand why yeast cells express two functional Tor proteins, we sought to define novel Tor1 or Tor2 specific functions. Here we performed a genome-wide screen searching for genes that when mutated in combination with tor1 reduce fitness or render cells inviable. These genes identified distinct functional networks involved in protein sorting, vacuolar inheritance, and microautophagy. In particular, we find that tor1 shows synthetic lethality or synthetic reduced fitness with mutations in different components of the class C Vps complex which includes the Pep3, Pep5, Vps16, Vps33, Vps39 and Vps41 proteins (BANTA et al. 1988; RAYMOND et al. 1992; RIEDER and EMR 1997; WURMSER et al. 2000) . The class C Vps complex plays a central role in protein sorting by regulating vesicle docking and fusion at the endosome and between the endosome and the vacuole (SRIVASTAVA et al. 2000; PETERSON and EMR 2001) . Viability of the tor1 pep3 double mutant was restored by expression of Tor1 but not Tor2, indicating that the function linking Tor1 and the class C Vps complex is unique to the rapamycin-sensitive TORC1 complex. Mutants lacking components of the class C Vps complex fail to recover from rapamycin-induced growth arrest and to survive nitrogen starvation, have low levels of amino acids, in particular glutamate, and show growth defects at 37 o C (this study; KITAMOTO et al. 1988; ROBINSON et al. 1991) . Remarkably, addition of glutamate or glutamine rescues the growth defect of class C single vps mutants and of a tor1 pep3 ts conditional mutant at 37 o C. Our studies suggest that, in contrast to Tor2, Tor1 is specialized to support growth under conditions where intracellular amino acid concentrations are drastically reduced. We also conclude that an intact class C Vps complex is required to provide intracellular amino acid homeostasis for proper Tor1 signaling. These findings provide a physiological foundation to understand the duplication and divergence of Tor1 and Tor2 functions in S. cerevisiae.
MATERIAL AND METHODS
Yeast strains and media. Strains used in this study are listed in Table 1 . All the strains are isogenic derivatives of BY4741 or BY4742 and unless otherwise indicated were constructed by the Saccharomyces Genome Deletion Project (distributed by Invitrogen).
Strains SZY25 and SZY21 were obtained by deletion of TOR1 with URA3 in strains BY4741 and 13652, respectively. Strains SZY26, 27, 28, 29, 30, 31, 32 , and 33 as well as RPY50 and RPY51 were created by crossing strain SZY25 to the pep3, pep5, vps15, vps16, vps34, vac7, vac8, vac17, vps39 and vps41 MATα haploid strains, respectively. Strain SZY36 was obtained from strain BY4742 by deletion of the VPS33 gene with KanMX4. Strain SZY37 was constructed by replacing the URA3 gene in strain SZY25
with LEU2. Strain SZY40 was obtained by crossing strain SZY37 to the pep3 haploid mutant strain #14105 and the resulting diploid transformed with plasmid pBJ9113 expressing the pep3 ts -108 (SRIVASTAVA et al. 2000) was sporulated and dissected to obtain strain SZY40-4. SZY43 is a meiotic segregant of strain SZY32. Strain SZY49 was constructed by crossing strains SZY25 and SZY36.
Yeast synthetic media (YNB) with ammonium was always supplemented with 2% glucose (SG). SG media was supplemented with amino acids to satisfy any auxotrophic requirements (SC) and for experiment presented in Figure 6C with 0.2% of the indicated amino acid. Sporulation medium was 1.5% potassium acetate (KAc) (pH 7.5), supplemented with any required amino acids. SLAD, YPD and all other media were prepared as described previously (GIMENO et al. 1992; SHERMAN 2002) Rapamycin was added to the media from concentrated stock solutions in 90% ethanol, 10% Tween-20.
Yeast transformations were performed by the lithium acetate method (SCHIESTL and GIETZ 1989) . Unless noted otherwise, mutant yeast strains were constructed by PCRmediated gene disruption, replacing the entire open reading frame of the targeted gene with the indicated genes (GOLDSTEIN and MCCUSKER 1999; LONGTINE et al. 1998) . All gene deletions were confirmed by PCR.
Plasmids. Low copy centromeric plasmids, pRS315-TOR1 expressing TOR1, and pML40-3 expressing TOR2 as well as plasmids expressing Tor2-Tor1 hybrid proteins were described previously (ALARCON et al. 1996; LORENZ and HEITMAN 1995) .
Plasmid pSZ12 (Hybrid 4) was created by gap repair; briefly, a 173 bp (from nucleotide 5316 to 5488 of TOR2) PCR product was generated with primers SZ167 5'-CATAATTGG GCCTTAGCTAATTTTGAAGTAATATCCATGCTAACATCTGTCTCTAAAAAGAA ACAGGAAG-3' and SZ168 5'-GAAAAAAGCCCTTGATCGCTGGAACAACATGTCTT TGAATAAGATTAGAAGAGTAATGAACTTC-3' and plasmid pML40-3 as template.
The PCR product was co-transformed with NcoI-digested pRS315-TOR1 into strain 16864. All hybrids were confirmed by sequencing. Plasmid pMEP2-GFP was kindly provided by J. Rutherford and will be published elsewhere. Plasmids pBJ9113 bearing the pep3ts-108 (SRIVASTAVA et al. 2000) and p188 containing the GCN4-lacZ reporter gene were provided by E. Jones and A. Hinnebusch, respectively.
Western Blotting and α-factor processing. Cell extracts from exponentially growing cultures in YEPD were prepared as previously described except that the breakage buffer consisted of 100 mM Tris-HCl, 50 mM KCl, 1 mM EDTA, 5% glycerol, and the protease inhibitors leupeptin, aprotinin and pepstatin added at 1 µg/ml and 0.5 mM phenylmethyl sulfonyl flouride. (ROHDE et al. 2004) . Western blot analysis with 40 µg of protein for Ape1 and Alp1 and 10 µg for CpY was performed by standard techniques with antibodies specific for Ape1 and Alp1(kindly provided by Y. Ohsumi) and CpY (Molecular Probes).
The antisera recognizing amino acids 1-100 and 1-147 of Tor1 and Tor2 respectively, were previously described (ALARCON et al. 1996; CARDENAS et al. 1995) . Amino acid determination, Northern blot analysis and β-Galactosidase assays.
Amino acid extraction from exponentially growing cells in YPD medium was performed as described (CHEN and KAISER 2002) . Amino acid analysis were carried out in duplicate by anion exchange chromatography employing a Beckman 6300 Li citrate-based analyzer followed by post-column ninhydrine reaction detection system at the Molecular Structure Facility, University of California at Davis. Northern blot analysis as well as β-galactosidase assays to determine GCN4-lacZ reporter gene activity were previously described ROHDE et al. 2004) .
Fluorescent microscopy. Cells were collected, spotted onto microscope slides and imaged in a Nikon Eclipse E400 microscope equipped for epifluorescence and with a Nikon DXM1200F digital camera.
RESUTS
Mutation of TOR1 is synthetically lethal in combination with mutations in the class C VPS genes.
To understand the functional divergence between Tor1 and Tor2, we performed a genome wide scale screen to identify genes that when mutated exhibit a reduced fitness or synthetic lethal interaction with a tor1 mutation. This screen, performed by diploidbased synthetic lethality analysis on microarrays (dSLAM) (PAN et al. 2004 ), yielded 200
interactions from which 60 met the cut-off C/E ratio of ≥2 (control/experimental hybridization ratio) ( Table 2) . Remarkably, this set of genes comprises distinct clusters that share common functions, including ribosomal and mitochondrial functions, vesicle docking and fusion, protein transport, microautophagy, and vacuolar inheritance (Table 2 and Figure 1A ).
In this study only the genetic interactions involved in vacuolar functions and protein trafficking were validated by classic tetrad analysis and the rest should be considered as potential synthetic interactions until subject to further analysis. Tetrad analysis was conducted in mating crosses between the pep3, pep5, vps16, vps33, vps15, vps34, vac7, vac8, vac17, gtr1, gtr2 , and ego3 deletion mutants and strain SZY25, in which the entire TOR1 open reading frame was replaced with the URA3 selectable marker. As shown in Figure 1B the haploid meiotic progeny of the tor1 and pep3, pep5, vps16 and vps33 crosses were wild type, ura + or G418 resistant but no meiotic segregants with the ability to grow on both SD-ura and G418 selective media were recovered, confirming that these double mutants are synthetically lethal. In this analysis the rest of the genes examined exhibited a synthetic reduced fitness interaction when mutated in combination with tor1, as defined by the smaller size of the double mutant colony and a slow growth phenotype (illustrated in Figure 1C for the tor1 vps15, tor1 vps34, tor1 vac7, tor1 vac8, and tor1 vac17 and data not shown for tor1 gtr1, tor1 gtr2 and tor1 ego3 double mutants). The class C VPS genes also include VPS39 and VPS41; importantly these genes were identified by the tor1 dSLAM screen but scored just below the C/E ratio of ≥2. Based on tetrad analysis, mutation of these vps genes in combination with tor1 also resulted in a synthetic reduced fitness phenotype ( Figure 1C ). These results validate the dSLAM screen and indicate that mutations in the class C VPS genes show a synthetic lethal interaction with tor1. For the remainder of this study, the focus is on understanding the basis for the synthetic lethality and reduced fitness defect exhibited by the tor1 class C vps double mutants.
Class C vps mutants fail to recover from rapamycin-induced growth arrest.
One hallmark of the genes linked to Tor signaling is that their mutation alters sensitivity to rapamycin. Mutation of 18 genes (including 14 involved in vacuolar functions and protein trafficking) out of the 62 identified by this screen resulted in rapamycin hypersensitivity as compared with the WT strain (Figure 2A, and CHAN et al. 2000; XIE et al. 2005) . In particular, mutants lacking components of the protein sorting apparatus, including the class C Vps complex, the preautophagosomal (PAS) complex, as well as the vac8 mutant, are all extremely sensitive to rapamycin as compared to either the WT or the tor1 strains ( Figure 2A ). In addition, the class C vps mutants were tested for their ability to resume growth after rapamycin exposure. Actively growing cells were treated with rapamycin for 6 h, washed, and spotted on YPD medium without drug. In contrast to the WT or tor1 strains, which readily recovered from rapamycin-induced growth arrest, mutations in class C VPS genes abolished recovery ( Figure 2B ). Interestingly, a similar phenotype was observed with strains harboring mutations in the EGO/Gse protein complex ( Figure 1A ), which was shown recently to play a role in combination with TORC1 in exit from rapamycin-induced quiescence (DUBOULOZ et al. 2005) .
Expression of TOR1 but not TOR2 restores growth of a tor1 pep5 double mutant.
The synthetic lethality of tor1 class C vps double mutants is surprising as it has been proposed that either Tor1 or Tor2 can provide all of the rapamycin-sensitive essential functions attributable to the TORC1 signaling complex. The Tor proteins share a high degree of amino acid sequence identity with a few discrete stretches of dissimilarity, particularly at the extreme N-terminus and, to a lesser extent, towards the C-terminal region. To understand the structural basis for the differential functions of the two TOR genes, we created TOR2-TOR1 chimeric hybrid alleles cloned into low copy, centromeric plasmids and examined their ability to provide TOR1 function and restore viability in tor1 pep5 meiotic segregants. First the TOR2-TOR1 hybrids were verified to be efficiently expressed, based on western blot analysis with antibodies specific for Tor1 or Tor2 ( Figure 3A) . Second, we made use of the fact that a tor1 ssd1 strain is unable to hybrids function to restore plasma membrane integrity ( Figure 3B ).
While ectopic expression of plasmid-borne copies of TOR1 effectively rescued the growth of tor1 pep5 segregants, overexpresion of TOR2 (also from a low copy centromeric plasmid) failed to do so ( Figure 3C ). This result indicates that TOR1 has evolved to provide a function linked to the class C Vps complex which is not shared by TOR2. TOR2-TOR1 hybrids 1, 2 and 3 were able to suppress the synthetic lethality of tor1 pep5 segregants, albeit with an apparent differential efficiency. However, it should be noted that this assay examines both the increase in 4:0 segregation events and the relative growth of the rescued segregants. Based on an increase in 4:0 segregation events, hybrids 1, 2, and 3 all provide TOR1 function but it would be wrong to infer that hybrid 2 affords the best rescue because more 4:0 events were observed. Given the known segregation pattern of CEN-based plasmids (usually 2:2), the proportion of 4:0 segregation events seen with hybrids 1, 2, and 3 need not to reflect a difference in rescue efficiency. In fact hybrids 1, 3 and 4 rescue better based on colony growth. These results largely map this function to the C-terminal 788 amino acids of Tor1 ( Figure 3C ). Closer examination of this region in the Tor proteins revealed a discrete domain, from amino acid 1772 to 1815, which is highly dissimilar. However, replacement of this Tor1 region with the corresponding Tor2 sequence (hybrid 4) did not impact the ability to restore growth of tor1 pep5 segregants ( Figure 3C ). Thus, we conclude that the functionalstructural differences between Tor1 and Tor2 map elsewhere in the C-terminal domain.
Tor1 does not regulate the functions of the class C Vps complex.
To gain insight into the molecular mechanisms that underlie the synthetic lethal interaction between TOR1 and class C VPS genes, we considered the hypothesis that Tor1
regulates the functions of this complex. This model is particularly attractive since Tor1 has been localized to internal membranes that resemble those associated with the endocytic pathway (WEDAMAN et al. 2003) . To test this hypothesis, we examined if Tor1 mutation confers defects in class C Vps complex functions. The class C Vps protein complex is required for non-endosomal Golgi to vacuole transport, cytoplasm to vacuole targeting (Cvt), recycling from endosomes back to the late Golgi, endocytosis, and autophagy. The tor1 mutant did not show defects in the maturation of the vacuolar hydrolases CpY, Ape1, or Alp1 as compared to the WT strain or the pep3 mutant, which is defective in the proteolytic processing of these proteins ( Figure 4A ). Furthermore, CpY, Ape1, and Alp1 maturation was not altered by rapamycin treatment ( Figure 4A ).
Moreover, mutation of TOR1 did not have any effect on endocytosis of the ammonium permease Mep2 elicited by ammonium addition to cells growing in ammonium-limiting medium ( Figure 4B ). These results indicate that the endosomal to vacuole, the Cvt, and the non-endosomal to vacuole protein sorting routes are not regulated by Tor signaling and that Tor1 does not regulate endocytosis. This result is in accord with a previous study that identifed a rapamycin-insensitive role for Tor2, but not for Tor1, in regulating endocytosis (DEHART et al. 2003) .
Earlier studies have shown that treatment of yeast cells with rapamycin results in autophagy, indicating a role for Tor signaling in regulating this process (NODA and OHSUMI 1998) . To test if mutation of TOR1 had any effect on autophagy, we made use of the fact that a vac8 mutant is defective in the Cvt pathway. Therefore, in a vac8 mutant, maturation of proApe1 in the vacuole is defective; however, this defect can be bypassed by induction of autophagy (ABELIOVICH et al. 2000) . Maturation of Ape1 is enhanced and induced by rapamycin in the WT and vac8 strains, respectively, and this effect is prevented by pep3 mutation ( Figure 4C ). Interestingly, mutation of TOR1 restores Ape1 processing in the vac8 cells, and rapamycin treatment of the tor1 vac8 double mutant dramatically enhances Ape1 processing ( Figure 4C ). As expected, mutation of PEP3 efficiently blocked the rapamycin-induced maturation of Ape1. These results show that mutation of TOR1 alone results in a low level of autophagy whereas mutation of PEP3 blocks this process. We reasoned that if the basis for the synthetic lethality of the tor1 class C vps double mutants arose from a defect in effective execution of autophagy, tor1 mutation should also exhibit synthetic lethality in combination with mutations in other genes required for autophagy. Although, our screen detected a synthetic reduced fitness interaction between tor1 and vps15 or vps34, two genes required for autophagy ( Figure 1A ) (KIHARA et al. 2001) , we found that a tor1 apg13 double mutant strain which should be defective in autophagy was fully viable (data not shown).
Synthetic lethal interaction can arise between two genes whose products act in parallel or compensating pathways. Accordingly, we considered the hypothesis that TOR1 regulates a pathway that functions in parallel with the class C complex for protein sorting. A prediction of this model is that key genes working within this pathway should be synthetically lethal in combination with a pep3 mutation. A dSLAM screen with pep3 revealed 38 genes which are known when mutated to alter the sensitivity of cells to rapamycin ( Figure 5A , data not shown, and CHAN et al. 2000; XIE et al. 2005) . Within this set, 13 genes share distinctive roles in protein trafficking between the ER to Golgi complex and protein cycling between the Golgi complex and endosomes ( Figure 5A ).
To test if Tor1 has a role in protein trafficking between these cell compartments,
we tested the effects of TOR1 mutation and rapamycin treatment on α factor maturation.
The mating pheromone α factor is synthesized as a precursor and subjected to extensive glycosylation as it transverses the ER and Golgi complex, and then is cleaved at the late Golgi complex by the Kex2 protease to produce mature pheromone. Importantly, Kex2
normally cycles between the late Golgi complex and endosomal compartments. Thus, α factor maturation serves as a reporter of protein trafficking between the ER to Golgi complex and protein cycling between the Golgi complex and endosomes. In this experiment we also monitored the processing of CpY in more detail. While mutation of PEP3 resulted in accumulation of glycosylated forms of α factor in the Golgi complex, and also blocked CpY processing, neither mutation of TOR1 nor rapamycin treatment of the WT strain perturbed α factor or CpY processing ( Figure 5B ). Furthermore, rapamycin treatment in the pep3 strain did not alter the ratio of mature to immature α factor forms observed in the pep3 untreated cells ( Figure 5B lower panel). In addition, mutation of TOR1 or rapamycin treatment had no effect on the normal cycling of the SNARE protein Snc1 from early endosomes to the Golgi compartment and back to the plasma membrane (data not shown). Collectively, these results exclude models that evoke a role for Tor1 in regulating the class C Vps complex, or acting in a parallel compensating pathway to provide a known class C Vps complex function.
The synthetic lethality between TOR1 and PEP3 mutations is suppressed by amino acids.
Next, we entertained a model in which the class C Vps complex promotes Tor activity. Because Tor signaling is activated by nutrients, we tested the ability of the class C vps mutants to respond to nitrogen starvation. In contrast to the WT and tor1 strains, which effectively survived a 10-day period of incubation on ammonium-starvation medium, the class C vps mutants failed to resume growth ( Figure 6A ).
Previous reports have shown that class C vps mutants contain severely fragmented vacuoles and are unable to store normal levels of basic amino acids in the vacuole (RAYMOND et al. 1992; KITAMOTO et al. 1988) . Low levels of intracellular amino acids, or rapamycin exposure, are known to trigger the general amino acid control response by inactivation of eIF2α, which results in a block to general protein synthesis and preferential translation of Gcn4. We examined if the low amino acid levels in class C vps mutants would suffice to activate Gcn4 translation. In accord with the above observation, pep3 or pep5 mutations resulted in robust Gcn4 translation, comparable to that observed in the WT strain treated with rapamycin ( Figure 6B ).
It has been proposed that glutamine and possibly glutamate, which are amino acids central to nitrogen metabolism, regulate nutrient signaling pathways, including the Tor pathway (CRESPO et al. 2002, reviewed by LIU and BUTOW 2006) . These observations prompted us to examine in more detail the intracellular amino acid content in the class C vps mutants. Under the growth conditions analyzed (active growth in YPD medium) the pep3, pep5, and vps33 mutants showed a lower level of the basic amino acids lysine, histidine, and arginine than that detected in the WT strain, in accord with an earlier report (Table 3 and KITAMOTO et al. 1988) . Remarkably, in contrast to the WT and tor1 strains, glutamate levels were significantly reduced (about 1.5-fold) in the class C vps mutants. The class C Vps complex is also required to support growth at 37 o C ( Figure 6C and ROBINSON et al. 1991 , KONING et al. 2002 . We sought to test if this growth defect is linked to amino acid levels. Exponentially growing cultures of the different strains were shifted from 30 o C to 37 o C and the amino acid levels were determined. Interestingly, shift to 37 o C for 3 hrs caused a modest decline in glutamate and a near 2-fold decrease in glutamine in both the WT and the tor1 strains. In the pep3, pep5, and vps33 mutants the concentration of these amino acids declined more markedly, 2 to 3-fold depending on the strain, and glutamate reached a 3-fold lower level than the one observed in the WT strain under similar conditions (Table 3) . Moreover, supplementation of the growth media with glutamate, or with glutamine and to lesser extent with arginine restored growth of the pep3, pep5, vps33, vps39 and vps41 mutant strains at 37 o C. This effect was specific and was not observed when the individual basic amino acids lysine or histidine were added as supplements ( Figure 6C ). The vps16 strain has a more severe growth defect at 37 o C than the rest of the class C vps mutants and this is only marginally alleviated by glutamine supplementation (see below for discussion).
Strikingly, glutamate or glutamine and less efficiently arginine also supported the growth of a tor1 pep3 double mutant strain carrying a partial loss of function pep3 ts allele on a plasmid ( Figure 6C ). In contrast, supplementation with glutamine or glutamate did not rescue the growth defect of the tor1 vac8, tor1 gtr1, or tor1 ego3 double mutants ( Figure   6D ). Finally, supplementation with glutamine, glutamate, arginine, lysine, and histidine partially rescued the viability of tor1 pep5 segregants, however these segregants grew poorly and rapidly accumulated suppressor mutations (data not shown). These results argue that the synthetic lethality of the tor1 pep3 double mutant derives from the metabolic derangement that underlies the reduced amino acid concentrations observed in the class C vps mutants.
DISCUSSION
Our genome-wide search to define synthetic fitness or lethal interaction partners of TOR1 identified sets of genes that provide distinct functions. Among the synthetically lethal genes identified, four encode components of the class C Vps complex that functions in the recognition and fusion of vesicles with vacuolar and secretory membranes. This screen also identified a synthetic reduced fitness interaction between tor1 and mutations in genes encoding the components of the EGO/Gse complex, confirming and extending a previous study (DUBOULOZ et al. 2005) . The EGO/Gse complex localizes to pre-vacuolar and vacuolar membranes and is required for sorting of the Gap1 amino acid permease to the plasma membrane in response to intracellular amino acids (GAO and KAISER 2006) .
Rapamycin exposure results in autophagy and thereby in a massive influx of membranes into the vacuolar membrane (NODA and OHSUMI 1998) . In combination with TORC1, the EGO/Gse complex has been proposed to play a role in recovery from rapamycininduced cell cycle arrest by enabling recycling of vacuolar membranes via microautophagy (DUBOULOZ et al. 2005) . We have shown here that class C vps mutants are unable to recover from prolonged exposure to rapamycin. Although it is possible that the class C Vps complex is required for microautophagy, we were unable to address this question since class C vps mutants fail to complete autophagy and contain severely fragmented vacuoles.
We find that the structural difference between Tor1 and Tor2 to support viability of tor1 pep5 segregants maps to the C-terminal 788 amino acid region of Tor1. This result is in contrast with a previous study which concluded that the ability of a Tor1SR
(rapamycin resistant mutant) to confer rapamycin resistance in a vps16 mutant lies in the N-terminal 120 amino acid region of Tor1 (XIE et al. 2005) . At present we do not have a good explanation for this discrepancy other that the biological assays to test for Tor1 function in the two studies were different.
Our screen also identified the Vps34 phosphatidylinositol 3-kinase and the Vps15 protein kinase, members of the preautophagosomal (PAS) protein complex which functions in autophagy and protein sorting (KIHARA et al. 2001; STACK et al. 1995) , and genes involved in vacuolar inheritance ( Figure 1A ). Taken Moreover, class C vps mutants have growth defects at 37 o C ( Figure 6C , ROBINSON et al. 1991 , KONING et al. 2002 . Remarkably, addition of glutamate or glutamine and to lesser extent arginine restored the growth at 37 o C of individual class C vps mutants and a tor1 pep3 mutant carrying a pep3 ts allele, and partially rescued the viability of tor1 pep5
segregants. The effect of arginine could be explained by the ability of this amino acid to be converted into glutamate by the concerted actions of arginase and ornithine transaminase (reviewed by DAVIS 1986). We found that the vps16 strain was only marginally rescued by glutamine supplementation, suggesting that Vps16 has an additional function (s) different from that shared with the other members of the class C Vps complex. In this regard a role for Vps16 in regulating mRNA decapping and stability has been demonstrated (ZHANG et al. 1999) . Interestingly, genes encoding two subunits of the cap binding complex, CBC1 and CBC2, were also identified by the tor1 synthetic screen and a rapamycin sensitive role for Tor in controlling mRNA stability has been described (ALBIG and DECKER 2001). Thus, it is possible that Tor1 function becomes compromised in the vps16 mutant via these activities independent of the class C Vps complex function.
In summary, our results indicate that the class C Vps complex is required to maintain amino acid homeostasis for effective Tor activity and lend further support to the proposal that glutamate/glutamine activate Tor signaling . These studies also demonstrate that Tor1 is more efficient than Tor2 at providing rapamycinsensitive Tor signaling under conditions where intracellular amino acids are drastically reduced. In support of this model, whereas Tor1 is a bona fide member of the rapamycinsensitive TORC1 complex, Tor2 weakly interacts with this complex only in cells lacking Tor1 and no stable association of Tor2 with TORC1 has been detected in wild type cells (LOEWITH et al. 2002; REINKE et al. 2004) . Interestingly, in both cases one of the two paralogs is essential (TOR2) and the other is not under standard conditions (TOR1). Early studies in S. pombe revealed a role for Tor1 in amino acid uptake (WEISMAN et al. 2005) . A more recent study has proposed a shared function for Tor1 and Tor2 in enabling cell proliferation and survival under both normal and adverse conditions and a positive and negative role for Tor1 and Tor2 respectively, in regulating G1 arrest and sexual differentation (URITANI et al. 2006) . Taken together, our findings provide a physiological basis for understanding the functional differences that distinguish Tor1 and Tor2 in Saccharomyces cerevisiae and yield insight as to why the two genes are among the few (2-8%) retained following the genome duplication and massive gene loss event that marked the evolution of hemiascomycetous yeasts. pep3 (SZY26), tor1 pep5 (SZY27), tor1 vps16 (SZY29), and tor1 vps33 (SZY49) (see Table 1 for complete genotypes) were sporulated and dissected on YPD solid medium.
After three days of incubation at 30 o C, colonies were replica plated onto YPD containing G418 (200 µg/ml) and SC-ura media. Plates were incubated for two days and photographed. C) Heterozygous diploid strains tor1 vps15 (SZY28), tor1 vps34
(RPY50) and tor1 vps41 RPY51) were sporulated and dissected as indicated above.
Photographs show the colony size on the YPD plate of representative segregants from individual tetrads. (#14105), vac8 (#10253), and the tor1 vac8 (SZY43) mutant strains were grown and treated with rapamycin as indicated in Figure 4A . Protein extracts were prepared and analyzed by western blot with specific Ape1 antibodies. Genes enclosed by a box were synthetically lethal in combination with the pep3 mutation.
B) The wild type (WT, BY4742), and the tor1 (#16864), and pep3 ( 
